Abstract
There is unequivocal evidence that high-density lipoprotein (HDL) cholesterol levels in plasma are inversely associated with the risk of cardiovascular disease (CVD). Studies of families with inherited HDL disorders and genetic association studies in general (and patient) population samples have identified a large number of factors that control HDL cholesterol levels. However, they have not resolved why HDL cholesterol and CVD are inversely related. A growing body of evidence from nongenetic studies shows that HDL in patients at increased risk of CVD has lost its protective properties and that increasing the cholesterol content of HDL does not result in the desired effects. Hopefully, these insights can help improve strategies to successfully intervene in HDL metabolism. It is clear that there is a need to revisit the HDL hypothesis in an unbiased manner. True insights into the molecular mechanisms that regulate plasma HDL cholesterol and triglycerides or control HDL function could provide the handholds that are needed to develop treatment for, e.g., type 2 diabetes and the metabolic syndrome. Especially genome-wide association studies have provided many candidate genes for such studies. In this review we have tried to cover the main molecular studies that have been produced over the past few years. It is clear that we are only at the very start of understanding how the newly identified factors may control HDL metabolism. In addition, the most recent findings underscore the intricate relations between HDL, triglyceride, and glucose metabolism indicating that these parameters need to be studied simultaneously.
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Ever since plasma HDL cholesterol concentration was found to be inversely correlated with the risk of cardiovascular disease (CVD), there has been a strong interest in the biological mechanisms that can explain this correlation. From a large number of studies in humans, animals, and tissue culture, it has become clear that HDL exerts many beneficial functions with prominent roles in cellular cholesterol efflux and protection against inflammation. For recent overviews on this topic, see Luscher et al. (2014) and Rye and Barter (2014) . Paradoxically and not always recognized, however, is that rare inborn errors of HDL metabolism have illustrated that an almost complete loss of HDL or very high HDL cholesterol levels do not automatically translate in accelerated or protection from atherosclerosis, respectively. These observations may be related to the small numbers of patients available for studies or the absence/presence of concomitant established risk factors for CVD (such as increased LDL cholesterol, smoking, etc.) in these individuals. However, these findings by themselves indicate that the relation of HDL cholesterol with atherosclerosis is not as straightforward as for LDL cholesterol since in this case increases and decreases are always associated with increased and decreased risk, respectively.
Genetic approaches are frequently used to study whether changes in plasma HDL cholesterol concentration affect atherosclerosis. Such studies are conducted in families, larger patient population samples sharing large-impact mutations in HDL genes, as well as general population samples. Using candidate gene approaches, these studies mostly generated contrasting or confusing results [a short summary of these findings can be found in Chapman et al. (2011) ]. Illustrative in this regard were investigations into variation at the locus encoding for the ATP-binding cassette transporter A1 (ABCA1). While a complete loss of ABCA1 function causes near HDL deficiency and often accelerated atherosclerosis in Tangier patients who are referred to the clinic, studies in general population samples indicated that ABCA1 gene variation is not necessarily related with plasma HDL cholesterol concentration and risk of CVD (for review, see Frikke-Schmidt (2011) ).
More recently, it has become possible to study the impact of whole-genome variation on complex diseases which has shed light on our understanding whether or not genes and their products are related to plasma lipid traits and the risk of CVD. In this regard, particularly Mendelian randomization studies showed that genetic variation associated with increased HDL cholesterol does not protect from atherosclerosis (Voight et al. 2012) . In this case, it concerned a study of common variants in HDL candidate genes; however, more recently, it was also shown that low-frequency coding variants (frequencies between 0.1 and 2 %) with relatively large effects on HDL cholesterol and/or triglycerides were also not associated with risk for coronary heart disease (Peloso et al. 2014) .
These and other studies have placed HDL cholesterol as a pharmaceutical target under heavy fire especially in the context of several large clinical trials that tested drugs which increased HDL cholesterol but did reduce atherosclerosis (for reviews on CETP inhibitors and the use of niacin: Ginsberg and Reyes-Soffer 2013; Rader and Degoma 2014) . While there is still hope for HDL-related interventions as outlined in a recent review (van Capelleveen et al. 2014) , it is clear that there is a need to revisit the mechanisms that have been put forward to explain the unequivocal relation between HDL cholesterol and risk of CVD in epidemiological studies.
To date, it is repeatedly been pointed out that a focus on the cholesterol content of HDL should maybe be replaced by a focus on the functions that are associated with this lipoprotein (Feig et al. 2014; Peloso et al. 2014; Luscher et al. 2014; Riwanto and Landmesser 2013) , but unfortunately, HDL functionality studies have thus far not provided a solution to the problems encountered. So far it is not clear which of HDL properties should and could be targeted. There is evidence for a focus on HDL as an acceptor of cholesterol (Khera et al. 2011 ) but later studies were not able to confirm this (Li et al. 2013a, b) . In other words, the association with CVD risk has only been firmly established for the concentration of cholesterol in HDL while at the same time there is little evidence of a causal relation between HDL and CVD (Vergeer et al. 2010 ). Thus, it is possible that HDL cholesterol is a proxy for an unknown correlating factor. A renewed focus on the clinical application of HDL-based strategies for certain indications on the basis of functional properties of HDL but also on significant preclinical and clinical data, as was recently suggested, may hopefully bring relief (Gordts et al. 2013) .
In this light, the current chapter focuses on recent studies that have shed new light on how genes and/or their products affect HDL metabolism. The first section shortly describes established regulators of HDL metabolism as a general framework to help understand the new insights that are described in the second section.
2
Determinants of Plasma HDL Cholesterol Levels
Twin studies have indicated that genetic and environmental parameters equally contribute to the levels of cholesterol in HDL in the blood (Goode et al. 2007 ). This paragraph only shortly describes the major primary and secondary regulators of HDL cholesterol. It is important to underscore, however, that changes in HDL cholesterol without changes in other plasma lipid traits are very rare. They are mostly seen in the context of changes in plasma triglycerides. At the population level, genome-wide association (GWA) studies have recently confirmed that in many cases, genetic variation is associated with changes in more than one lipid trait (Teslovich et al. 2010; Willer et al. 2013 ).
Established Primary Regulators of Plasma HDL Cholesterol
For the de novo production of HDL, the small intestine and liver need to produce apolipoprotein (apo) A-I, ATP-binding cassette protein A1, and lecithin-cholesterol acyltransferase encoded by the APOAI, ABCA1, and LCAT genes, respectively. When the production of any of these proteins is attenuated (through functional large-impact mutations), it immediately translates into a reduction of HDL cholesterol in the circulation. Other established modulators of HDL are cholesteryl ester transfer protein (encoded by CETP) and scavenger receptor class B member 1 (SRB1, encoded by SCARB1). While CETP mediates the transfer of cholesterol ester from HDL to triglyceride-rich lipoproteins in exchange for triglycerides (thereby controlling the levels of cholesteryl ester in HDL), SRB1 mediates the selective cellular uptake of cholesteryl ester in the liver and steroidogenic organs. Figure 1 gives a schematic representation of how the above genes relate to HDL biology.
Established Secondary Regulators of Plasma HDL Cholesterol
There are a large number of other factors that affect HDL cholesterol concentration through modulating the lipolysis of plasma triglycerides [reviewed in Oldoni et al. (2014) ]. ABCA1 ATP-binding cassette A1, ABCG1 ATP-binding cassette G1, APOAI apolipoprotein A-I, APOF apolipoprotein F, APOM apolipoprotein M, BMP1 bone morphogenetic protein-1, GLCE glucuronic acid epimerase, LCAT lecithin-cholesterol acyltransferase, PCPE2 procollagen C-proteinase enhancer 2, PCYT1 CTP:phosphocholine cytidylyltransferase alpha, SCARB1 encoding for scavenger receptor class B member 1 (VLDL)) in the circulation. These include genes that encode for LPL's cofactor apoC-II (APOCII) as well as apoA-V (APOAV) and inhibitors of the LPL reaction (APOCIII, ANGPTL3, ANGPTL4). More recently, also GPI-anchored HDL-binding protein 1 (GPIHBP1) was shown to affect HDL concentration through ultimately its effect on LPL activity. In addition, hepatic lipase (encoded by LIPC) and endothelial lipase (LIPG) also exert marked effects on HDL cholesterol concentration mainly through modulating HDL phospholipids and HDL triglycerides, respectively.
Missing Heritability
So far, studies of over 40 genes have provided solid evidence that their products affect plasma HDL cholesterol concentration. 
ppGalNAc-T2, GCKR glucokinase (hexokinase 4) regulator may expect these accounting for the estimated 50 % heritability of this trait. This appears however not to be the case when GWA data are analyzed with the current statistical methods and datasets: The most recent of meta-analysis indicates that common genetic variation can only explain 12 % variation of HDL cholesterol levels while in this study, both variations in established loci as well as newly identified loci (n ¼ 46) were taken into account (Willer et al. 2013) . However, in these calculations, gene-gene and gene-environment interactions are not for. In addition, the estimated impact of gene variation on the phenotype is based on the presence and frequency of such variations and these are not constant factors over the genome.
From a different angle, candidate gene resequencing studies in individuals with very high or low HDL cholesterol (selected from the general population) have shown that apparent functional mutations are only found in a few percent of the cases (Cohen et al. 2004; Haase et al. 2012) . Also in individuals that were referred to the clinic because of extreme levels of HDL cholesterol, resequencing studies of candidate genes only provided satisfying clues in a minority of the subjects studied (Candini et al. 2010; Holleboom et al. 2011a, b; Kiss et al. 2007 ). It may be noted, however, that most studies conducted thus far focused only on APOAI, LCAT, and ABCA1 leaving ample room for large-effect variants in other genes. Another study focused on the origin of high HDL cholesterol levels through sequencing CETP, LIPG, and GALNT, showed an enrichment of rare coding and splicing mutations in 171 probands (Tietjen et al. 2012) . A second study conducted a search for mutations in 197 lipid-related genes in 80 individuals with extreme HDL cholesterol phenotypes. The outcome was that multiple mutations in different genes combined could be responsible for extreme low or high HDL cholesterol levels (Motazacker et al. 2013) . Although a polygenic origin of a complex trait like HDL cholesterol level appears logical, especially in view of similar studies for plasma triglycerides (Johansen et al. 2010) or LDL cholesterol (Talmud et al. 2013) , this needs to be confirmed. Larger comprehensive resequencing efforts are warranted to study to what extent large-impact mutations in established and candidate genes can explain HDL cholesterol concentration in plasma and how such mutations relate to CVD risk.
3
Novel Insight into HDL Biology
As indicated above, GWA studies have identified many genomic regions that affect plasma lipid traits. One of the most famous papers in this regard published in 2010 (Teslovich et al. 2010 ) already listed 38 loci with HDL cholesterol as lead trait. Importantly, these and many other GWA studies rediscovered many of the established "HDL genes" which underscored the potential importance of the newly identified loci. The most comprehensive meta-analysis in this field of research to date lists an additional 46 loci that are associated with HDL cholesterol (Willer et al. 2013 ). This section tries to capture the novel molecular insights that have been published over the last few years. Many studies focused on genes that on the basis of their proximity to genetic markers in GWA studies were "annotated as HDL genes." In addition, other studies (not initiated through genetic insight) which produced interesting novel insight in HDL biology are shortly discussed.
3.1
De Novo Synthesis of HDL and HDL Binding 3.1.1 Bone Morphogenetic Protein-1 and Procollagen C-Proteinase Enhancer-2 In 2007, bone morphogenetic protein-1 encoded by BMP-1 (aliases OI13, PCOLC, PCP, PCP2, TLD) was identified as the metalloproteinase that stimulates the conversion of newly secreted proapoA-I to its phospholipid-binding form (Chau et al. 2007 ). While these results were obtained through in vitro studies, early genetic association studies showed the possible involvement of procollagen C-proteinase enhancer-2 (encoded by PCPE2 or PCOLCE2) in modulating HDL cholesterol levels (Hinds et al. 2004) . It was subsequently shown that PCPE2 together with BMP1 and proapoAI forms a ternary complex and that it is involved in the regulation of apoA-I posttranslational processing (Zhu et al. 2009 ). In a later study, it was shown that Pcpe2 KO mice have strongly increased plasma apoA-I and HDL cholesterol levels compared with wild-type littermates, regardless of gender or diet (Francone et al. 2011 ). Changes in HDL particle size and electrophoretic mobility observed in Pcpe2 KO mice suggest that the presence of proapoA-I impairs the maturation of HDL. Although initially picked up by GWA studies, PCPE2 is not listed in the subsequent respective meta-analyses (Teslovich et al. 2010; Willer et al. 2013 ), while BMP1 is also not listed in the latter studies. So far, the role of BMP1 or PCPE2 in posttranslational processing in humans has not been reported which in the light of the larger GWA studies performed is now dependent on the identification of large-impact mutations in individuals with HDL disorders.
Apolipoprotein M
Originally identified as a protein associated with HDL in 1999 (Xu and Dahlback 1999) , apoM was later implicated to play a role in the generation of prebeta-HDL and cholesterol efflux mediated by HDL (Wolfrum et al. 2005 ). These results have recently been supported by evidence in plasma of humans (Plomgaard et al. 2009 ) while others have found that human APOM gene variation affects HDL cholesterol (Park et al. 2013; Aung et al. 2013) . Through carrying sphingosine-1-phosphate with effects on angiogenesis, endothelial cell migration, and inflammation, apoM (Christoffersen and Nielsen 2013) may be a link to many of the functions that are attributed to HDL. While there is thus substantial evidence for a role of apoM in human HDL metabolism, the gene has thus far not been picked up by GWA studies, while large-impact mutations in this gene have so far not been reported either.
CTP:Phosphocholine Cytidylyltransferase Alpha (CT Alpha)
Through an interest in the synthesis of phosphatidylcholine (the primary phospholipid in cellular membranes but also of HDL), the group of Dennis Vance studied a conditional PCTY1 knockout mouse and showed in 2004 that hepatic CTP: phosphocholine cytidylyltransferase alpha reduces HDL cholesterol and apoA-I while it also affected VLDL (Jacobs et al. 2004) . In 2008, the same investigators subsequently showed that in hepatocytes isolated from these mice, ABCA1 expression was reduced. Other findings included normalization of plasma HDL and VLDL in these mice after adenoviral delivery of CT alpha which clearly implicated its importance in HDL genesis (Jacobs et al. 2008 ).
Apolipoprotein F
In proteomic studies, apoF has been identified to be associated with HDL. This protein is also known as lipid transfer inhibitor protein which is able to inhibit CETP. Plasma apoF levels were found to be positively associated with HDL cholesterol in males but not in females (Morton et al. 2008) . The Rader group subsequently showed that overexpression of apoF in mice reduced HDL cholesterol levels by accelerating clearance from the circulation (Lagor et al. 2009) . A later study showed that a murine apoF knockout model had no substantial effect on plasma lipid concentrations, HDL size, lipid, or protein (Lagor et al. 2012 ) although a reduced ability to promote cholesterol efflux was observed. Until now, no other studies on apoF have been published.
Glucuronic Acid Epimerase
Through studies in Turkish families, a linkage peak with low HDL cholesterol was identified on chromosome 15 which was >20 cM wide including the gene encoding hepatic lipase (LIPC), which has important functions in HDL metabolism. However, the same investigators suspected that variations in LIPC might not fully explain this linkage peak and sought additional gene(s) that might contribute to the peak. This is how they identified GLCE encoding glucuronic acid epimerase, a heparan sulfate proteoglycan biosynthetic enzyme (Hodoglugil et al. 2011) . So far, no other studies on the role of this enzyme in HDL metabolism have been conducted while the gene was not found associated with HDL cholesterol levels in the latest meta-analyses GWA study (Willer et al. 2013 ).
Beta-Chain of ATP Synthase
In 2003, beta-chain of ATP synthase (encoded by ATPB5), a principal protein complex of the mitochondrial inner membrane, was surprisingly identified as a high-affinity HDL receptor for apoA-I receptor with a role in hepatic HDL endocytosis (Martinez et al. 2003) . A subsequent study demonstrated a major role of cytoskeleton reorganization in F(1)-ATPase/P2Y(13)-dependent HDL endocytosis under the control of the small GTPase RhoA and its effector ROCK I (Malaval et al. 2009 ). Others showed that binding of HDL to this receptor triggers the generation of ADP, which via the activation of the purinergic receptor P2Y13 stimulates the uptake and transport of HDL and initially lipid-free apoA-I by endothelial cells (Cavelier et al. 2012 ). So far, there is no genetic support for the involvement of beta-chain of ATP synthase and/or P2Y(13), but even mild mutations could have in the case of ATPB5 lethal consequences. Most recently, it was reported that there may be a role for beta-chain of ATP synthase in regulating HDL cholesterol levels as mitochondrial inhibitor factor 1, which inhibits ATPB5 and can be measured in serum, is associated with HDL cholesterol levels (Genoux et al. 2013 ).
HDL Conversion and Remodeling
Angptl Family of Proteins
In the year 2000, ANGPTL4 was identified as a peroxisome proliferator-activated receptor α response gene (Kersten et al. 2000) while ANGPTL3 is since 2002 known for its effects on glucose and lipid metabolism through a hypolipidemic mouse strain (Koishi et al. 2002) . Both Angptl3 and Angptl4 are known to inhibit LPL, thereby having an indirect effect on HDL cholesterol concentration in plasma, but Angptl3 may also exert direct effects on HDL remodeling through inhibition of endothelial lipase (Shimamura et al. 2007) . In GWA studies published in 2008 and 2010, ANGPTL3 was shown to be associated primarily with triglycerides (Kathiresan et al. 2008; Teslovich et al. 2010 ) while more recently it was shown that human ANGPTL3 deficiency also causes marked reduction in HDL cholesterol (Musunuru et al. 2010) . In 2010, ANGPTL4 was reported to be associated with HDL cholesterol as primary trait (Teslovich et al. 2010 ) while later on ANGPTL4 variants were found associated with lower triglycerides and elevated HDL cholesterol (Romeo et al. 2007 ). Another study showed that mutant alleles of ANGPTL3 and ANGPTL4 that were associated with low plasma triglyceride levels interfered either with the synthesis or secretion of the protein or with the ability of the ANGPTL protein to inhibit LPL (Romeo et al. 2009 ). More recently, ANGPTL8 (also known as betatrophin) was shown to also affect HDL cholesterol through affecting the activity of Angpl3 (Quagliarini et al. 2012) . In addition, low-frequency variants in ANGPTL8 were shown to affect HDL cholesterol levels (Peloso et al. 2014) . For a recent review on the current eight Angptl proteins, please see Santulli (2014) .
Tribbles Homolog 1
Variation at the TRIB1 gene locus has been reported to be associated with triglycerides (as lead trait), HDL cholesterol, total cholesterol, and LDL cholesterol (Kathiresan et al. 2008; Teslovich et al. 2010) . It is one of the few genes subsequently studied in depth in mouse models, in vitro experiments, and further human genetic association studies. Viral-mediated overexpression in the liver of mice simultaneously reduced plasma triglycerides and cholesterol of all major lipoproteins (including HDL). On the other hand, TRIB1 knockout mice showed elevated levels of triglycerides (Burkhardt et al. 2010 ) without statistically significant effects on HDL cholesterol. These effects were related to an on VLDL production but it is not known what mechanisms are responsible. Further epidemiological studies confirmed that TRIB1 is associated with HDL cholesterol but interestingly without affecting apoA-I concentration (Varbo et al. 2011 ). More recently it was shown that Trib1 is important to adipose tissue maintenance and suppression of metabolic disorders by controlling the differentiation of tissueresident M2-like macrophages (Satoh et al. 2013) . In addition, a TRIB1 singlenucleotide polymorphism was found associated with nonalcoholic fatty liver disease in humans while the same investigators showed that TRIB1 expression affects hepatic lipogenesis and glycogenesis through multiple molecular interactions (including a molecular interaction with MLXIPL or CHREBP, a hepatic lipogenic master regulator) (Ishizuka et al. 2014) . In addition to a role in lipid metabolism, there is a substantial literature on the role of tribbles in cancer (Liang et al. 2013) .
3.2.3 Tetratricopeptide Repeat Domain/Glycogen-Targeting PP1 Subunit G(L) TTC39B was discovered through GWA studies in 2009 (Kathiresan et al. 2009 ). When knocked down in mice (using a viral-mediated strategy), it was shown to increase HDL cholesterol levels (Teslovich et al. 2010) . However, no studies have since revealed insight into how tetratricopeptide repeat domain 39B may affect lipid metabolism while another GWA study could not replicate the effect of TTC39B variation on plasma lipid levels (Dumitrescu et al. 2011) .
PPP1R3B was also found to be associated with HDL cholesterol as primary trait (Teslovich et al. 2010) , and in the same paper, viral-mediated overexpression was shown to reduce HDL cholesterol levels in mice. The gene encoding for glycogentargeting PP1 (protein phosphatase 1) subunit G(L) has also been associated with type 2 diabetes and maturity-onset diabetes of the young but sequence variants at the PPP1R3B locus were not found to be related to diabetes in mostly Caucasian families (Dunn et al. 2006) . Other studies proposed a role for this gene in inflammation (Dehghan et al. 2011 ), Alzheimer's disease (Kamboh et al. 2012) , and hepatic steatosis (Palmer et al. 2013) . As for TTC39B, there are no mechanistic studies that have revealed insight into how PPP1R3B gene products may affect lipid metabolism.
ppGalNAc-T2
Variation at the GALNT2 locus was also shown to be associated with HDL cholesterol (Teslovich et al. 2010 ). Viral-mediated overexpression and knockdown were shown to decrease and increase HDL cholesterol levels in mice, respectively. In a later study a rare functional GALNT2 variant, identified in two index cases with very high HDL cholesterol, was reported to affect HDL metabolism indirectly via an effect on the lipolysis of triglycerides (Holleboom et al. 2011a, b) . This was suggested to be in part due to attenuated glycosylation of apoC-III which impaired its capacity to inhibit LPL in the catabolism of triglycerides. Other investigators reported that GALNT2 regulates plasma lipid levels through the glycosylation of ANGTPL3, another inhibitor of the LPL reaction (Schjoldager et al. 2010) . Recently, ppGalNAc-T2 was identified as a novel regulator of insulin signaling (Marucci et al. 2013 ) while there appears to be a role for GALNT2 in hypertension too (Pendergrass et al. 2013; McDonough et al. 2013). 3.2.5 Glucokinase (Hexokinase 4) Regulator GCKR (also known as GKRP) encodes for a regulatory protein that inhibits glucokinase in the liver and pancreatic islet cells by binding non-covalently to form an inactive complex with the enzyme. This gene is considered a susceptibility gene candidate for a form of maturity-onset diabetes of the young. GCKR was picked up in both GWA studies with a focus on plasma lipids but also with type 2 diabetes (van de Bunt and Gloyn 2010). Varbo et al. showed that a GCKR SNP was associated with increased triglycerides, decreased HDL cholesterol, and remarkably increased apoA-I (Varbo et al. 2011) . Several genetic association studies have shown that GCKR variants are associated with triglycerides, insulin resistance (Shen et al. 2013) , type 2 diabetes fasting plasma glucose (Li et al. 2013a, b) , hyperglycemia (Stancakova et al. 2012) , and nonalcoholic fatty liver disease (Lin et al. 2014) . In 2013, the crystal structure was resolved (Pautsch et al. 2013) while two potent small-molecule GK-GKRP disruptors were recently reported to normalize blood glucose levels in several rodent models of diabetes (Lloyd et al. 2013 ).
Conclusions and Perspectives
The harvest of screening the most recent published literature for novel HDL influencing genes is extensive. However, it also shows that there are only very few mechanistic clues on how "the new kids on the block" (primarily identified through GWA studies) affect HDL cholesterol or HDL function.
It is interesting that none of the genes encoding for the proteins and enzymes that have been discussed in the section on the de novo synthesis of HDL are listed in the current largest GWA studies. This may be surprising in light of the evidence for the roles of especially bone morphogenetic protein-1, procollagen C-proteinase enhancer 2, apoM, and CT alpha in HDL metabolism. It shows that GWA strategies, like any approach, come with limitations. Thus, prioritizing research interest on the basis of the top ranking GWA hits is not necessarily the most promising route to go.
In the section on (new) insights in HDL conversion and remodeling, it is clear that the factors discussed are only indirectly associated with HDL cholesterol levels through effects on triglyceride and/or glucose metabolism. It may be noted in this regard that HDL cholesterol was proposed to be the lead trait for ANGPTL4, TTC39B, PPP1R3B, and GALNT2, in GWA studies which highlights a need for more comprehensive studies with focus on the mechanistic relations between HDL cholesterol, triglycerides, and glucose metabolism. Such studies may need the use of genome-scale metabolic maps.
Finally, this review underlines an urgent need of mechanistic studies. But where to start? Answering this question is today's challenge as evidence-based prioritization tools and high-throughput functional studies are yet to come.
